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A revised secondary structure model for the internal transcribed
spacer 2 of the green algae Scenedesmus and Desmodesmus and
its implication for the phylogeny of these algae
ERIK J. VAN HANNEN*, PATRICK FINK* AND MIQUEL LU> RLING
Centre for Limnology, Netherlands Institute of Ecology, PO Box 1299, 3600 BG Maarssen, The Netherlands
(Received 15 June 2001; accepted 10 November 2001)
Secondary structure analysis of 34 internal transcribed spacer 2 (ITS-2) sequences showed that the current model for the
green algae Scenedesmus and Desmodesmus is not accurate. In particular, helix I of the currently used model showed
considerable deviations from our new model. The newly proposed model is supported by many two-sided compensated base
pair changes and fully compensated insertions in all four helices. Phylogenetic analysis by maximum parsimony based on
the new alignment confirmed the recent division of the old genus Scenedesmus into the new genera Scenedesmus and
Desmodesmus. However, the analysis was not able to show phylogenetic relationships within these two genera. Hence, the
ITS-2 region alone is not suitable for clarifying the phylogeny of Scenedesmus and Desmodesmus and new regions have to
be found for future sequence analyses.
Key words : compensating base pair changes, Desmodesmus, internal transcribed spacer 2, parsimony, phylogeny, secondary
structure model, Scenedesmus
Introduction
More than 1300 species and subspecies of Scene-
desmus and Desmodesmus have been described on
the basis of morphological characteristics (Hege-
wald & Silva, 1988) ; however, other studies have
demonstrated that these characteristics are ex-
tremely plastic and that the number of species
probably should be limited to 30–130 (Trainor &
Egan, 1990; Trainor, 1998). Previous studies have
already shown that neither morphological char-
acteristics nor metabolic capacity can be used to
distinguish clearly between several strains of Scen-
edesmus and Desmodesmus (Kessler et al., 1997).
Because of its variable nature, the internal tran-
scribed spacer 2 (ITS-2) sequence region could be a
candidate for clarifying the taxonomic chaos cur-
rently existing in the genera Scenedesmus and
Desmodesmus. Previous attempts to resolve the
phylogeny of Scenedesmus using 18S ribosomal
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DNA (rDNA) sequences showed that the subgenus
Desmodesmus was clearly separated from the sub-
genus Scenedesmus whereas the third subgenus,
Acutodesmus, could not be confirmed and subse-
quently was merged with the subgenus Scenedesmus
(Kessler et al., 1997). Due to the conserved nature of
the 18S rDNA gene, relationships within these
subgenera remained obscure. A later phylogenetic
analysis based on the ITS-2 by An et al. (1999) then
showed that the existing genus Scenedesmus should
be separated into two genera, i.e. Scenedesmus and
Desmodesmus. All well-described species belonging
to the subgenus Desmodesmus were therefore for-
mally transferred to the new genus Desmodesmus
(Hegewald, 2000).
The ITS-2 of green algae and flowering plants
possesses a common secondary structure with four
conserved helices (Mai & Coleman, 1997). Other
studies on Drosophila (Schlo$ tterer et al., 1994),
trematodes (Michot et al., 1993; Morgan & Blair,
1998) and on yeast, mice and humans (Michot et al.,
1999) also found similar models suggesting that the
ITS-2 region of many eukaryotic taxa can be folded
into a structure with four domains. It is even
suggested that the ITS-2 secondary structure of all
vertebrates resembles this model (Joseph et al.,
1999). Besides being crucial for the understanding
of ribosome biogenesis, these secondary structural
features of the ITS-2 are important guides in the
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204E. J. van Hannen et al.
Table 1. List of strains of Scenedesmus and Desmodesmus of which the ITS-2 sequence was used in this study, their strain
number, source, accession number and reference
Species Strain no. Source EMBL accession no. (reference)
Scenedesmus
S. acuminatus (Lagerheim) Chodat 1986-2 He AJ237949 (An et al., 1999)
S. acuminatus 415 UTEX AJ249511 (van Hannen et al., 2000)
S. acutiformis Schro$ der 416 UTEX AJ400490 (this study)
S. acutiformis 276.12 SAG AJ237953 (An et al., 1999)
S. obliquus (Turpin) Ku$ tzing 393 UTEX AJ249505 (van Hannen et al., 2000)
S. obliquus 1450 UTEX AJ249506 (van Hannen et al., 2000)
S. obliquus 2630 UTEX AJ249507 (van Hannen et al., 2000)
S. pectinatus Meyen 111a An AJ237954 (An et al., 1999)
S. pectinatus 114a An AJ237955 (An et al., 1999)
S. platydiscus (Smith) Chodat 2457 UTEX AJ400491 (this study)
S. raciborskii Woloszynska 1996-5 An AJ237952 (An et al., 1999)
S. wisconsinensis Smith 41 An AJ237950 (An et al., 1999)
S. wisconsinensis var. reginae 165 Geneva AJ237951 (An et al., 1999)
Desmodesmus
D. abundans (Kirchner) Chodat LB 1358 UTEX AJ400494 (this study)
D. aldavei Hegewald 276}17 CCAP AJ400497 (this study)
D. arthrodesmiformis Schro$ der 1977-34 He AJ237961 (An et al., 1999)
D. bicellularis Chodat 276}14 CCAP AJ400498 (this study)
D. bicellularis 1980-16 He AJ237956 (An et al., 1999)
D. breviaculeatus Chodat 2443 UTEX AJ400492 (this study)
D. denticulatus Lagerheim 1996-12 An AJ237958 (An et al., 1999)
D. hystrix Lagerheim LB 2451 UTEX AJ400504 (this study)
D. jovais Chodat 2444 UTEX AJ400501 (this study)
D. lefevrei var. muzzanensis 1996-11 An AJ237959 (An et al., 1999)
D. longus Meyen 1236 UTEX AJ400506 (this study)
D. opoliensis Richter 276}15 CCAP AJ400499 (this study)
D. pannonicus Hortobagyi 77 UTEX AJ400502 (this study)
D. perforatus Lemmermann 276}18 CCAP AJ400500 (this study)
D. quadricauda (Turpin) Brebisson 614 UTEX AJ400495 (this study)
D. serratus (Corda) Bohlen 1975-178 He AJ237957 (An et al., 1999)
D. sp. 1987-51 He AJ237960 (An et al., 1999)
D. sp. CL1 NIOO AJ316581 (this study)
D. sp. MV3 NIOO AJ400503 (this study)
D. sp. MV5 NIOO AJ400505 (this study)
D. subspicatus Chodat 2532 UTEX AJ400493 (this study)
Source abbreviations : AnflS. S. An, Sookmyung Women’s University, Seoul, Korea; CCAPflCulture Collection of Algae and Protozoa,
Cumbria, UK; GenevaflCulture Collection at the University of Geneva, Switzerland; HeflE. Hegewald, Research, Center Ju$ lich,
Germany; NIOOflNetherlands Institute of Ecology, Nieuwersluis, The Netherlands ; SAGflSammlung von Algenkulturen, University of
Go$ ttingen, Germany; UTEXflCulture Collection of Algae, University of Texas at Austin, USA.
sequence alignment of this highly variable spacer
region. Recently, An et al. (1999) published a
secondary structure model for the green algal genera
Scenedesmus and Desmodesmus, which was based
on the general model for green algae and flowering
plants (Mai & Coleman, 1997). This model was then
used to guide an alignment of 15 Scenedesmus
and Scenedesmus-like sequences. However, in an
attempt to align 21 new Scenedesmus and Desmo-
desmus sequences with the existing ITS-2 sequence
alignment we found considerable deviations from
the secondary structure model as proposed by An et
al. (1999). Helix I specifically showed an atypical
conformation never found in green algae to date.
Since the recent separation of the former genus
Scenedesmus into the new genera Scenedesmus and
Desmodesmus was based on an incorrect secondary
structure model of the ITS-2 region (An et al., 1999;
Hegewald, 2000), it is appropriate to confirm this
separation.
We present an alternative secondary structure
model for the ITS-2 region of the genera Scene-
desmus and Desmodesmus, which is supported by
many co-variations in Watson–Crick and G –U
pairings. These compensating base pair changes
(CBCs) together with fully compensated insertions
are strong evidence in favour of the newly proposed
model. The new alignment, consisting of 34 Scene-
desmus and Desmodesmus strains, was used in a
parsimony phylogenetic analysis.
Materials and methods
Algal strains and culture conditions
The 21 Scenedesmus and Desmodesmus strains from
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Revised ITS-2 secondary structure model for Scenedesmus and Desmodesmus 205
Fig. 1. ITS-2 secondary structure
model projected on the sequence
of S. acuminatus (UTEX 415). The
structure is numbered every 40
nucleotides. Nucleotides in normal
letters are 100% conserved in all
studied Scenedesmus and
Desmodesmus species. Dots
indicate variable nucleotides. Helix
numbers are given in roman
numerals. The size range of each
helix is denoted below the helix
number.
which the ITS-2 sequence was obtained are listed in
Table 1. These strains were grown in a slightly modi-
fied WC medium (Guillard & Lorenzen, 1972; Lu$ rling
& Beekman, 1999) under constant light conditions
(150 lmol photons PAR m−# s−") and constant tempera-
ture (20 °C) until sufficient biomass could be collected.
Amplification and sequence determination of ITS-2
Algal biomass collection and DNA extraction are de-
scribed in detail elsewhere (Van Hannen et al., 1998). The
ITS-2 region was amplified in 25 cycles of polymerase
chain reaction (PCR) with a slightly modified ITS-3
forward primer (White et al., 1990), which was extended
at the 5« site by the vector-specific M13F sequence
yielding TGTAAAACGACGGCCAGTGCAACGAT-
GAAGAACGCAGC, and the ITS-4 reverse primer
(White et al., 1990), which was extended at the 5« site by
the vector-specific M13R sequence yielding GAAACAG-
CTATGACCATGTCCTCCGCTTATTGATATGC.
PCR amplification was performed in a 50 ll volume
containing approximately 100 ng of template DNA,
10 mM Tris-HCl pH 8–3, 50 mM KCl, 0–01% (w}v)
gelatine, 1–5 mM MgCl
#
, 0–5 lM of each primer, 200 lM
of each deoxynucleotide, 400 ng bovine serum albumin
and 2–5 U of Taq DNA polymerase (Boehringer Mann-
heim, Mannheim, Germany). PCR cycling was per-
formed using a Perkin Elmer 480 thermocycler. The
temperature cycling conditions were as follows: one
preincubation step at 94 °C for 5 min followed by 25
cycles at 94 °C for 1 min, 56 °C for 1 min and 72 °C for
1 min, then a final extension step at 72 °C for 5 min.
Amplification primers and primer-dimers were removed
using the Wizard PCR Preps Direct Purification System
(Promega,Madison,WI) according to themanufacturer’s
instructions. Both strands of the PCR products were then
cycle sequenced using a CY5-labelled M13 forward
primer (5«-TGTAAAACGACGGCCA), a CY5-labelled
M13 reverse primer (5«-GAAACAGCTATGACCATG)
and Thermosequenase (Amersham Pharmacia Biotech,
Little Chalfont, UK). Fragment separation, detection
and base calling were done using an Alf Express-2
(Amersham Pharmacia Biotech). The sequence of each
PCR product was determined twice in separate runs to
exclude errors due to inconsistencies of the sequence gel.
ITS-2 secondary structure analysis
The nucleotide sequences of the four individual hairpin
loops (Mai & Coleman, 1997) of S. acuminatus (strain
UTEX 415), D. serratus (strain Hegewald 1975-178)
and D. breviaculeatus (strain UTEX 2443) were folded
using the Zuker algorithm with default settings of the
program RNA structure 3.5 (Mathews et al., 1999). The
results for the individual loops were compared and a
consensus secondary structure for the entire ITS-2 was
constructed. Then, all sequences were manually aligned
guided by the new secondary structure model with the
program DCSE (De Rijk & De Wachter, 1993). The
alignment was then checked for two-sided CBCs and fully
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206E. J. van Hannen et al.
compensated insertions that would support the alterna-
tive secondary structure model (Gutell et al., 1994). The
sequence of S. acuminatus (UTEX 415) was used as a
template for these analyses. All sequence positions not
present in UTEX 415 were regarded as insertions.
Phylogenetic analysis
A phylogenetic tree was constructed by maximum par-
simony analysis (PAUP*, version 4.0b5; David L. Swof-
ford, Laboratory of Molecular Systematics, Smithsonian
Institute, Washington, DC). The analysis was performed
with 1000 random-addition-sequence replicates. Gaps
were treated as a fifth character. As a swapping algorithm
TBR was used. Bootstrap analysis (nfl 1000) was per-
formed to assess the robustness of the trees.
Results
ITS-2 secondary structure model
The consensus ITS-2 secondary structure projected
on the nucleotide sequence of S. acuminatus is
shown in Fig. 1. The proposed secondary structure
model is based on 34 different Scenedesmus and
Desmodesmus nucleotide sequences. The sequence
corresponding to helix I was folded by the RNA
structure program into a Y-shaped structure. The
two extensions of this helix were found to be highly
variable except for three absolutely conserved bases.
In contrast, the stem of this helix was highly
conserved. Helix II was folded into a single hairpin
loop with one bulge. As with helix I, the end of
hairpin loop II was highly variable whereas the
region near the core of the structure was highly
conserved. Helix III was by far the longest and most
conserved loop in the structure with seven bulged
regions. Five bases before the fifth bulge, the fifth
bulge and the four bases following this bulge (i.e.
CAACUGGAUAGGUAG: CUACACGAAGU-
UG) were 100% conserved in all species studied.
Approximately 65% of the nucleotide positions in
helix III were absolutely conserved among all
species investigated. Helix IV was the shortest and
most variable loop in the structure with only four
absolutely conserved bases. All but one of the bases
of the core of the structure were 100% conserved
among all Scenedesmus and Desmodesmus species.
Compensating base pair changes
From comparison of the 34 different ITS-2 se-
quences it appeared that all four loops in the
secondary structure model exhibited CBCs (Table
2). In helix I, 59% of all paired positions had one or
more CBCs. Twenty-nine per cent of the positions
in helix II showed CBCs. Helix III, which was the
most conserved loop, had CBCs at only 11% of its
positions, whereas helix IV, the shortest loop, had
38% CBCs.
Table 2. Two-sided compensated base pair changes found
in the four helices of the model. Positions are according to
Scenedesmus acuminatus (UTEX 415)
Helix Position
Compensated base pair change
C –G G –C A –U U –A G –U U –G
IA 4–52 › › › ›
8–48 › ›
IB 10–23 › ›
11–22 › ›
12–21 › › › ›
14–19 › ›
IC 27–45 › ›
28–44 › ›
29–43 › ›
30–42 › ›
31–41 › ›
32–40 › ›
33–39 › ›
II 71–84 › ›
72–83 › › ›
73–82 › › ›
74–81 › › ›
III 115–192 › ›
126–185 › ›
153–162 › ›
154–161 › ›
IV 212–226 › ›
214–224 › ›
215–223 › › ›
Table 3. Fully compensated insertions found in the four
helices of the model. Positions are according to
Scenedesmus acuminatus (UTEX 415). All sequence
positions not present in UTEX 415 were regarded as
insertions
Helix
number
Sequence
positions Compensated insertions
IB 14–22 U-A, UU-AA, UC-GA
IC 34–39 U-A, G-C
II 75–81 C-G, U-A, A-U, UG-CA, CUU-GAG
III 154–162 CUUU-AAAG
IV 218–221 C-G, U-G
Compensated insertions
As with the CBCs, all four helices in the secondary
structure had compensated insertions ranging from
1 to 4 inserted bases (Table 3). Most of these
insertions were located at the end of the loops near
the hairpin.
Phylogenetic analysis
The parsimony analysis clearly separated the two
new genera Scenedesmus and Desmodesmus (Fig. 2),
which was supported by a high bootstrap value
(100%). Within the genus Scenedesmus, only a few
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Revised ITS-2 secondary structure model for Scenedesmus and Desmodesmus 207
Fig. 2. Maximum parsimony tree of the genera Scenedesmus and Desmodesmus. All branches with bootstrap values below
70% were drawn collapsed. Numbers indicate percentage bootstrap value (nfl 1000). The scale bar indicates the number of
substitutions.
clusters were supported by bootstrap values higher
than 70%; therefore most branches were drawn as
collapsed. A similar pattern is seen in the Desmo-
desmus cluster. The two species D. denticulatus and
D. serratus form a distinct lineage within the genus
Desmodesmus. Most of the lineages within the
Desmodesmus cluster, however, were not supported
by bootstrap values higher than 70% and were
drawn as collapsed.
Discussion
On the basis of an analysis of the ITS-2, it has been
shown that several strains of Scenedesmus obliquus
had previously been mislabelled as Scenedesmus
acutus based on morphological characteristics (Van
Hannen et al., 2000). In a further attempt to clarify
the taxonomy and phylogeny of these green algae
we determined the ITS-2 sequence of 21 Scene-
desmus and Desmodesmus strains from different
algal culture collections, but were not able unam-
biguously to align the new sequences to the existing
alignment proposed by An et al. (1999). Secondary
structure analysis of these sequences by minimum
energy folding and comparative sequence analysis
revealed that the ITS-2 sequence of all studied
strains of Scenedesmus and Desmodesmus had an
atypical conformation of helix I. This newly pro-
posed structure is supported by many two-sided
CBCs and fully compensated insertions in all four
helices. These covariations are strong evidence in
support of this new model (Gutell et al., 1994; Mai
& Coleman, 1997).
Although the folding of helix I is clearly different
from the general model by Mai & Coleman (1997),
our model exhibits all the structural features of the
general model found by these authors, for example,
the two highly conserved G –U pairs at the base
of helix II, the universally conserved pyrimidine–
pyrimidine mismatch in the bulge of helix II, and the
GGU triplet, which is found in all green algae and
flowering plants, near the end of helix III. This last
feature is part of the longer stretch of absolutely
conserved bases in Scenedesmus and Desmodesmus
of helix III. The high degree of conservation of these
structural features may indicate that these regions
play important roles in ribosome biogenesis.
Comparison of our new alignment and the align-
ment of An et al. (1999) showed that the most
significant differences were found in helix I. Helix I
of the secondary structure of An et al. (1999)
contains a large bulge for S. acuminatus (17 un-
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208E. J. van Hannen et al.
paired nucleotides), whereas in our model only 4
bases do not pair in this sequence. From this small
bulged region two loops emerge, forming a bi-
furcated structure. Due to this contrast in secondary
structure, there were significant differences between
the An et al. (1999) alignment and our alignment in
this region (data not shown). Helix II is nearly
identical in the two models. Although there are
substantial differences in helix III between the two
models, these had little effect on the alignment
except for the hairpin of this loop, where notable
differences were found. In contrast, helix IV in our
model is much smaller, but this also had little effect
on the alignment.
Although the An et al. alignment was different
from our alignment, the phylogenies derived from
the two analyses were remarkably similar. Both
analyses showed that the two genera Scenedesmus
and Desmodesmus were well separated; nevertheless
the topology within the two clusters remains un-
known. These findings raise the question whether
the ITS-2 sequence is suitable for phylogenetic
inference of these genera. Although our alignment
consisted of 279 positions (including gaps), only 143
of these were parsimony-informative. This number
may simply be too low for statistically sound
phylogenetic analysis of these green algae, and other
sequence regions may have to be included in future
analyses. A study by Kessler et al. (1997) showed
that the more conserved 18S rDNA gene was also
not suitable for phylogenetic inference within these
two genera. Also, in a previous study we found that
the ITS-1 and 5.8S rDNA gene were identical for six
strains of Scenedesmus, whereas small differences
were found in the ITS-2 of these sequences, sug-
gesting that the ITS-1 is less informative than the
ITS-2 (Van Hannen et al., 2000). Inclusion of more
variable functional genes may improve the phy-
logeny of these plastic green algae.
We have shown that a parsimony phylogenetic
analysis based on a new secondary structure model
for the ITS-2 region could not clarify relationships
within the genera Scenedesmus and Desmodesmus.
This finding suggests that future phylogenetic
analyses of these green algae should include
other, variable sequence regions.
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